ABSTRACT
Although the blood-brain barrier (BBB) restricts access to the central nervous system (CNS) for the use of systemically administered therapies, an alternative approach, the non-invasive method of intranasal delivery, can rapidly target delivery of molecules to the CNS. Intranasal delivery has the distinct advantages of circumventing the BBB while minimizing systemic exposure. This novel approach to treating neurological illnesses will be examined in detail in this review. We will review current understanding of the mechanisms underlying intranasal delivery to the CNS, along with discussion of pathways permitting entry from the nasal cavity into the CNS, particularly those involving the olfactory and trigeminal nerves. Significant preclinical research has been performed to develop and improve our current approaches to intranasal treatments. We will examine the evidence behind the use of intranasal delivery in chronic neurodegenerative conditions such as Alzheimer's Disease and diabetes-mediated cerebral degeneration, as well as in acute conditions such as stroke.
INTRODUCTION
There are many hurdles preventing interventions from reaching the diseased brain. Systemic delivery of therapeutics to the central nervous system (CNS) is ineffective for most small molecules and nearly all large molecules (1). The main impediment in most cases is the blood-brain barrier (BBB). Necessary for protection against bacterial infections, the BBB prevents most foreign substances, including potential therapeutics, from entering the brain from capillaries. Meanwhile, the BBB permits the diffusion of small hydrophobic molecules, which is often insufficient for pharmacotherapeutic targeting of the diseased brain. As a result, large doses of therapeutics including small molecules or peptides are required to achieve therapeutic levels in the brain, increasing the risk for adverse systemic effects (2). Although therapeutics can be directly targeted to the brain via intracerebroventricular or intraparenchymal delivery, these invasive techniques are not without risk and can necessitate repeated surgical intervention.
Figure 1.
There are several routes of entry and distribution into the CNS and systemic circulation when molecules or therapeutics are delivered intranasally (50). There is no direct evidence for which particular brain regions are targeted by the olfactory pathway alone or by the trigeminal pathway alone, and delivery in different species of animals differs as well due to multiple differences between species with regards to nasal and brain structures, distribution of the olfactory and trigeminal nerves in the nasal epithelium, etc. Nonetheless, olfactory pathways likely distribute most efficiently to the olfactory bulb and other rostral brain structures such as the anterior olfactory nucleus, and frontal cortex. Trigeminal pathways distribute mainly to the trigeminal ganglion, the olfactory bulb and to more rostral brain structures such as the pons, cerebellum, brain stem and cervical spinal cord (12). Each of these pathways may also contribute to delivery of the therapeutic to the CSF (12, 50). Intranasal drugs which can enter the vasculature from the nasal mucosa will lead to systemic exposure to the drug. All of these pathways can potentially contribute to CNS delivery of intranasally administered drugs.
In humans, the development of intranasal delivery began in the 1960s, with the intranasal administration of oxytocin for induction of labor in pregnancy (3-5). Since that time, intranasal delivery has expanded to other indications, with initial intentions for the systemic delivery of the agent selected (6, 7). It was realized that intranasal systemic delivery was often inconsistent, and even of low yield. As a result of these difficulties, intranasal delivery's use for systemic delivery waned at this time. In 1989, Frey developed a new concept: the use of direct intranasal delivery of therapeutic agents to the brain as a means of bypassing the BBB (8, 9). This direct intranasal delivery involves extracellular delivery along the olfactory and trigeminal nerves connecting the nasal mucosa to the CNS (10-13). This review will concentrate on the use of this non-invasive method to deliver drugs directly and rapidly from the nose to the brain and spinal cord with the goal of treating neurodegenerative disorders and stroke. As the mechanisms behind intranasal delivery have become better understood, new intranasal therapeutics have been investigated in a host of conditions. It is anticipated that some of these therapies will become clinically relevant, but more human clinical trials are required prior to widespread clinical use.
PATHWAYS AND MECHANISMS OF INTRANASAL DELIVERY
Although the exact mechanisms underlying intranasal drug delivery to the CNS remain incompletely understood, it has been shown that pathways involving the olfactory and trigeminal nerves connecting the nose to the brain and spinal cord are critical. In addition, pathways involving vasculature, cerebrospinal fluid, and even the lymphatic system have been identified as potentially important in the transport of molecules from the nasal cavity into the CNS (10). It is believed that a combination of these pathways is responsible for intranasal delivery as a whole (Figure 1) . Depending on the properties of the molecule/peptide being delivered, the formulation being delivered, and the delivery method and device used, certain individual pathways may be dominant.
Olfactory Nerve Pathways
Within the nose, the dendrites of olfactory receptor neurons extend into the mucous layer of the olfactory epithelium to permit sensation of odos. Tthe axons of these bipolar neurons extend centrally, passing through the subarachnoid space containing CSF in order to synapse with mitral cells in the olfactory bulbs. From here, neural projections extend diffusely to the olfactory tract, anterior olfactory nucleus, piriform cortex, amygdala, and hypothalamus (14). Chemosensory neurons located anteriorly in the nasal cavity also project to the olfactory bulbs (15, 16 ). Techniques to demonstrate the role of olfactory tracts have been performed -wheat-germ agglutinin conjugated to horseradish peroxidise (WGA-HRP), a tracer, supplied intranasally is transported within olfactory axons to the olfactory bulbs in the CNS (17). Fluorescent tracers delivered intranasally can be seen along olfactory nerves traversing the cribriform plate (18).However, this intraneuronal transport process within the olfactory tract is slow, and is not involved in the rapid intranasal delivery of drugs to the brain which can be identified within minutes. Although slower than with other methods, it has been shown that olfactory nerve pathways are a major component of intranasal delivery in most situations -drug concentrations in the olfactory bulbs are generally among the highest CNS concentrations observed after intranasal delivery (12, 19-21).
A unique process occurs at the level of the olfactory receptor neurons, in that they regenerate every month due to direct contact with toxins externally -this leads to a "leaky" BBB due to their constant turnover (17, 22) . Meanwhile, Schwann cell-like cells termed olfactory ensheathing cells surround the axons of olfactory receptor neurons, creating continuous, fluid-filled perineurial channels which remain open, permitting travel along their length as well (23). Thus, it is possible for intranasally administered therapies to reach the CNS via extracellular or intracellular mechanisms of transport. The extracellular mechanisms may permit transport to occur over only several minutes (11, 17) using bulk flow mechanisms (24, 25) within the olfactory ensheathing cells. Intracellular transport mechanisms involve passive diffusion and receptor-mediated endocytosis in olfactory receptor neurons, leading to slower axonal transport over several hours or even days (26-28). Due to this limited speed, intracellular mechanisms are unlikely to be the predominant mode of transport into the CNS for most molecules/peptides. High speeds of movement of many molecules following intranasal delivery suggests that receptor-mediated transport mechanisms are unlikely to be prevalent and the wide variety of therapeutics possible for delivery to the CNS also argues against any receptormediated processes occurring. Even for large molecules such as nerve growth factor (NGF) and insulin-like growth factor-I (IGF-I), intranasal delivery to the brain is nonsaturable and therefore, not receptor mediated (12, 29, 30).
Trigeminal Nerve pathways
Another important pathway connecting the nose to the CNS is the trigeminal nerve, which innervates the respiratory and olfactory epithelium of the nasal passages (31, 32). For the trigeminal nerve, branches from the ophthalmic division (V1) innervate the dorsal nasal mucosa and the anterior nose, while branches of the maxillary division (V2) innervate the lateral walls of the nasal mucosa. The trigeminal nerve enters the brain from the respiratory epithelium of the nasal passages at two locations: (1) into the pons; and (2) through the cribriform plate near the olfactory bulbs, permitting entry into both caudal and rostral brain with intranasal administration. Intranasal studies with other drugs, including interferon-β1b (IFN-β1b) (19, 34), hypocretin-1 (35, 36), and peptoids (20), also identified high levels of radioactivity in the trigeminal nerve.
Vascular pathways
The intranasal route of administration has traditionally been utilized to deliver drugs to the systemic circulation through absorption into capillary blood vessels within the nasal mucosa, a highly vascular structure (31, 37). The vasculature in the respiratory region of the nasal mucosa has both continuous and fenestrated endothelia (38, 39), permitting both small and large molecule passage, although delivery from the nasal mucosa to blood is more limited for large hydrophilic molecules. Delivery to the CNS following vasculature absorption is possible, particularly for small, lipophilic drugs, for which passage into the blood stream and crossing of the BBB is easier than with large, hydrophilic peptides and proteins. However, delivery utilizing the systemic circulation results in a degree of drug elimination due to hepatic and renal metabolism. Such vascular transport is also subject to binding of drugs to plasma proteins, plasma proteasedegradation, and enhancement of any potential systemic side effects.
Mechanisms involving perivascular channels are likely involved in intranasal drug delivery as well. Perivascular spaces act as a lymphatic system for the brain, where neuron-derived substances are cleared from brain interstitial fluid through entry to perivascular channels associated with cerebral blood vessels. Perivascular transport occurs due to bulk flow mechanisms, rather than simply diffusion (40, 41), with arterial pulsations forming a driving force for perivascular transport, acting as a "perivascular pump" mechanism (42-44). The widespread distribution of intranasally delivered therapeutics observed within the CNS could be the result of perivascular transport mechanisms (12). Several intranasal studies have demonstrated high levels of delivered molecules within the walls of cerebral blood vessels after removal of blood (12, 19, 35) , suggesting that intranasally administered drugs may gain access to perivascular spaces.
Pathways involving the cerebrospinal fluid and lymphatics
CSF-containing pathways connecting the subarachnoid space, perineurial spaces surrounding olfactory nerves, as well as the nasal lymphatics are required for CSF drainage; these pathways provide access for intranasally delivered therapeutics. Tracers injected into the CSF in the cerebral ventricles or subarachnoid spaces drain to the olfactory bulbs, reaching the nasal lymphatic system and cervical lymph nodes (45-49). Drug passage can also occur through nasal passages to the CSF to the brain's interstitial spaces and perivascular spaces. Therapeutics are directly delivered to the CSF following intranasal delivery, without significant entry into blood (50). Overall, it is difficult to experimentally separate contributions of different pathways into the CNS after intranasal administration. In most cases, it can be assumed that multiple pathways are permitting entry to the CNS for intranasal molecules/peptides.
DELIVERY AND FORMULATION CONSIDERATIONS IN INTRANASAL DELIVERY
The assessment of distribution of intranasally delivered molecules to different brain regions provides insight into pathways and mechanisms of intranasal delivery. A number of considerations are required when planning intranasal therapy provision in animal models or in human subjects. Whole brain measurements of drug concentration, in general, underestimate the extent of delivery due to the effects of dilution. Drug targeting is of greater value, as this will evaluate the relative distribution of the drug to therapeutic target sites such as specific brain regions and provide comparison to sites not targeted, such as with blood or peripheral tissues. Detection of radiolabelled molecules can also be performed to determine distribution into the CNS as well as systemic tissues (51, 52). Intravenous delivery can be used as a control for evaluating blood-mediated delivery to the CNS; this is particularly useful as a measure of potential absorption through the nasal vasculature occurring through intranasal delivery. Thus, the difference between intranasal and intravenous delivery can be viewed as a measure of direct transport to the brain using intranasal methods (35, 53). In general, when planned properly, intranasal compared to intravenous administration generally yields high brain:blood ratios, demonstrating drug targeting efficiency.
Natural protective barriers within the nasal mucosa contribute to the low efficiency of intranasal delivery, as typically less than 1% of the administered dose reaches the brain (25, 54). Overcoming these barriers has been a concerted research effort in order to improve intranasal delivery efficiency. For example, efflux transport proteins, including p-glycoprotein (P-gp) and multidrug resistance-associated protein (MRP1), are expressed within nasal mucosa (55-57) significantly limiting substrate uptake into the brain (56, 58, 59). Also, drug metabolizing enzymes (60, 61) and tight junction proteins (62) occur in the nasal epithelium, further limiting the efficiency of intranasal delivery to the CNS. Potential methods used in overcoming these barriers involve the improvement of drug solubility, increasing permeability across nasal epithelium, and reduction of vascular passage into systemic circulation.
Improvement of solubility can include the encapsulation of drugs in carriers including cyclodextrins, microemulsions, and nanoparticles. For example, the mixture of galanin-like peptide (GALP) and α-cyclodextrin enhances delivery to numerous brain regions by 2-3X (21), possibly via modulation of perivascular transport. Microemulsion and nanoemulsion formulations improve drug solubility and opportunities for direct transport into the CNS. These use an oil-in-water dispersion to increase small molecule uptake for drugs such as clonazepam (63), sumatriptan (64), risperidone (65), and nimodipine (66). Polymeric nanoparticles are comprised of a hydrophobic core of polylactic acid and a hydrophilic shell of methoxypoly (ethylene glycol); these may also improve solubility and targeting to the CNS. When a drug such as nimodipine is loaded into nanoparticles, a significant increase in CSF delivery (14X) occurred when compared to a simple nimodipine solution (67). However, such dramatic improvements in CSF delivery do not always occur -when chitosan nanoparticles were loaded with estradiol, there was no benefit above that of regular intranasal delivery (68, 69).
Efficient delivery to the CNS following intranasal administration also depends upon membrane permeability. Permeation enhancers such as surfactants, bile salts, lipids, cyclodextrins, polymers, and tight junction modifiers have been attempted. These compounds are often accompanied by nasal toxicity and increased permeation into the nasal vasculature, a problem for therapeutics having systemic side effects (70, 71). However, nasal perfusion studies to evaluate the brain distribution of vasoactive intestinal peptide demonstrated that permeation enhancement with lauroylcarnitine improved brain uptake compared to a formulation that lacked the permeation enhancer (72).
The pH of the formulation used and ionization status of the drug used also impacts the efficiency of intranasal delivery (73). Brain uptake of vasoactive intestinal peptide was greater with a pH of 9 (when the peptide takes a unionized form) when compared to a pH of 4, when the peptide is positively charged (72). Positively charged drugs may form electrostatic interactions with the negatively charged nasal epithelial cells, preventing transport beyond the nasal mucosa. This effect may depend on the drug, as negatively charged drugs can have greater CNS bioavailability after intranasal administration when compared to neutral drugs of similar size (74).
Clearance through mucociliary mechanisms can rapidly eliminate drugs from the nasal epithelium. Mucoadhesive agents, surface-engineered nanoparticles, efflux transporter inhibitors, and vasoconstrictors have been tried to reduce clearance by prolonging the exposure time for the intranasally delivered formulation at the nose. Such use of mucoadhesives and microemulsion formulations can greatly increase drug delivery to the CNS (63-65, 75).
Mucoadhesives include acrylic acid derivatives, lectin, and low methylated pectin which form a viscous gel upon contact with nasal epithelium, slowing clearance from the nose (76) (77) (78) (79) . Nanoparticles containing ligands that bind to specific cell surfaces is another hopeful approach for the reduction of clearance and enhancement of targeted CNS delivery. One example is nanoparticles bound to ulex europeus agglutinin I (UEA I) which bind to receptors within the olfactory epithelium, while other nanoparticles expressing wheat germ agglutinin can recognize sugar molecules, binding to receptors expressed throughout the olfactory and respiratory epithelia. Nanoparticles can be used in this way to help target specific pathways in the CNS via intranasal delivery, leading to changes in functional outcomes. Intranasal delivery of wheat germ agglutinin-conjugated nanoparticles carrying vasoactive intestinal peptide enhanced brain uptake and improved spatial memory in an Alzheimer's mouse model (80) . Finally, the reduction of clearance from the nasal cavity due to efflux or absorption into nasal vasculature is another additional strategy to increase efficiency of intranasal delivery. Intranasal pre-treatment with an inhibitor (rifampin) of the P-gp efflux transport protein before intranasal administration of a P-gp substrate (verapamil) produced significantly greater brain concentrations due to reduced clearance (59). The use of a vasoconstrictor to prevent vascular uptake could also assist in CNS delivery of intranasal delivered agents. Intranasal administration of hypocretin-1 with a vasoconstrictor, phenylephrine, decreased the blood concentrations of hypocretin-1 (35). All of these techniques need to be considered for the optimal formulation to most efficiently intranasally deliver therapeutic agents to the CNS.
LIMITATIONS OF INTRANASAL DELIVERY
The use of intranasal delivery has some limitations that need to be considered. First, during longterm intranasal delivery, nasal irritation can develop. Particular drugs may have potentially adverse effects on the olfactory or trigeminal nerves, necessitating preclinical toxicology studies. The reduction of nasal irritation depends upon the specific drug being studied and the cause of nasal irritation. Second, the use of potent therapeutics which are active at very low concentrations (micromolar or lower) is required for drugs delivered via the intranasal route. Third, systemic delivery to some extent will occur with many molecules delivered intranasally, especially those that are small and lipophilic. These limitations must be considered in the design of any interventions to be delivered via the intranasal route.
APPLICATION OF INTRANASAL DELIVERY TECHNIQUES TO NEURODEGENERATIVE PROCESSES

Alzheimer's disease and dementia
Alzheimer's disease (AD) is the most common form of dementia affecting our population, thought to be responsible for 70% of dementia (81) . Dementia can be defined as the significant loss of intellectual abilities such as memory capacity, severe enough to interfere with social or occupational functioning. The clinical hallmarks of Alzheimer's disease are a progressive impairment in memory, judgment, decision making, orientation to physical surroundings, and language. The clinical diagnosis of probable Alzheimer disease is usually made on the basis of the history obtained, supported by findings on neurologic examination and blood work to exclude metabolic and vitamin deficiencies, for example. However, a definitive diagnosis can be made only at autopsy. Pathological changes in the Alzheimer's disease brain include cerebral amyloid plaques (82), inflammation and neurofibrillary tangles (83) . It is believed by many that these neuropathological changes are responsible for most of the condition (84) , although other molecular changes occur and likely play an important pathophysiological role.
In our aging population, it has been estimated that 25 million people throughout the world are impacted by AD (85) . It is known that the prevalence of dementia increases exponentially with age, with one third of our population ≥ 85 years currently suffering from dementia (86, 87) . According to the Alzheimer Society Report, 1.5% of Canada's population suffered from dementia in 2008; it is expected that by the year 2038, that prevalence will rise to 2.8% (1,135,200 cases), bringing the actual incidence to about 103,700 cases per year, or one new diagnosis every 5 minutes in Canada alone. Economic impact of dementia has soared around the world -for Canada, AD cost our society about $15 billion (Canadian dollars) in 2008, with this expected to increase to $153 billion by the year 2038. Obviously, this is a disease that needs new approaches to its management before we are engulfed in its high prevalence and associated costs.
One of the molecules deficient in the human AD brain is the neurotransmitter acetylcholine. Most of the AD-specific treatments attempted to date have used oral agents targeting the enzyme acetylcholinesterase with the intention of increasing central acetylcholine levels. Treatments such as donepezil (88), galantamine and rivastigmine (89) have shown benefit, but remain considered as symptomatic therapies that fail to modify the course of the disease itself. These medications are also limited due to high hepatic metabolism and gastrointestinal side effects (89) . More than 50% of patients treated with oral cholinesterase inhibitors have developed serious adverse drug reactions (ADR) or adverse events leading to discontinuation (90).
Parenteral treatments attempted in AD have included injections of antigenic portions of beta-amyloid (Aβ) as a means of directly stimulating an immune response against the protein. Murine studies, however, demonstrated meningoencephalitis, a severe adverse effect, which also occurred in human AD patients during clinical trials (91). Further attempts to minimize such inflammatory responses led to parenteral injections of DNA prime adenovirus containing Aβ portions, leading to reduced levels of Aβ plaques without evident inflammation (92, 93) . Other different immunogen variants have improved memory acquisition in mouse models of AD (94) . Although early findings have been complicated by cases of meningoencephalitis, newer agents such as the humanized anti-Aβ monoclonal antibody, bapineuzumab, may be useful in reducing cortical fibrillary Aβ load in human patients (95) . Further work is clearly needed before this route of management can be considered viable.
A number of molecules have been examined for efficacy via intranasal delivery in models of AD and human studies for patients with AD. Delivery of Nerve Growth Factor (NGF) has been used in models of AD, based upon the beneficial effects of NGF in basal forebrain cholinergic neurons. Dysfunctional NGF signaling and/or processing from its precursor proNGF may also directly and causally be related to the aberrant activation of amyloidogenesis leading to neurodegeneration. Thus, NGF can be considered as an anti-amyloidogenic factor, adding to its potential for the treatment of AD. As well, the intranasal delivery of nerve growth factor (NGF) has been associated with reduced tau hyperphosphorylation and Aβ accumulation in a mouse model of AD (96, 97) . Furthermore, an engineered mutein of human NGF called hNGF-61, with an identical potency and bioactivity profile as NGF, was able to rescue phenotype changes in transgenic AD mice more effectively when provided intranasally as compared to intraocularly (98) ; the intranasal route of administration for NGF has been proven superior to intraocular routes in other studies as well (96, 99) .
Intranasal vaccination with 25 µg Aβ (100, 101) or proteosome-based adjuvant added to glatiramer acetate, a synthetic copolymer used in the treatment of multiple sclerosis, both decreased Aβ plaque volume in AD mouse models (102). As an intervention geared towards reduction of Aβ accumulation, a significant lowering of the Aβ burden in the brains of APP transgenic mice was also accompanied by some improvement in cognitive deficit (100).
Intranasal delivery of NAP (Asn-Ala-Pro-ValSer-Ile-Pro-Gln), an octapeptide derived from activity dependent neuroprotective protein (ADNP), protects against Aβ-induced neurotoxicity and significantly lowers levels of Aβ present in brain (103). Following intranasal treatment with NAP at a daily dose of 500 ng for 3 months, mouse brains demonstrated decreased levels of Aβ plaques, tau dephosphorylation, and greater stabilization of microtubules (103). Also called AL-108, the intranasal delivery of NAP has been performed in humans with mild cognitive impairment with initial, promising (but unpublished) results. Intranasal delivery of NAP has also currently entered Phase II clinical trials for patients with schizophrenia, and will soon be examined in clinical studies for AD in the near future as well (104).
The use of anti-acetylcholinesterases through other delivery systems has led to their use via intranasal delivery. The decreased levels of acetylcholine in the brain can be targeted by inhibiting central acetylcholinesterase, with the potential of promoting cholinergic neurotransmission. Again, this approach is largely symptomatic, and does not address the cause of the disease itself (105). Intranasal delivery of the antiacetylcholinesterase colivelin improved memory impairment and activated the signal transducer and activator of transcription-3 (STAT3) pathway, upregulated acetylcholine (106). Improvement in memory with intranasal colivelin was comparable to intravenous and intraperitoneal injections (106). The intranasal delivery of acethylcholinesterase inhibitors such as tacrine (75), one of the first medications used for treatment of AD, and galantamine (107) , has also been attempted to improve brain targeting with this drug class. Intranasal delivery of NXX-066, a physostigmine analog and an acetylcholinesterase inhibitor (108) , has been well tolerated in healthy subjects up to a single dose of 64 mg and multiple daily doses of 60 mg. A randomized, placebocontrolled, double-blind, single-center, inpatient bridging study was performed to determine the maximum tolerated dose of NXX-066 in the target patient population, determined to be 70 mg twice daily, with higher doses leading to nausea and/or vomiting, mild to moderate dizziness, headache, asthenia, and gastric symptoms. Wide variability in plasma levels of NXX-066 was observed for all dose schedules. Interestingly, AD patients tolerated larger daily doses of NXX-066 on a twice daily regimen than healthy normal subjects had tolerated with daily dosing (109) . Further studies will determine if NXX-066 may be of therapeutic utility in the AD patient population.
Intranasal insulin delivery is currently under investigation for the treatment of Alzheimer's disease and for the management of cognitive decline related to diabetes. Initially, intranasal insulin was thought to represent a noninvasive alternative to subcutaneous insulin injections used by many diabetic patients. Insulin cannot be given orally due to rapid and thorough gastrointestinal degradation. In order to try to optimize insulin's entry into the systemic circulation, intranasal insulin has required assistance with enzyme inhibitors, mucoadhesives, and absorption enhancers to enhance systemic bioavailability. Nasal irritation from these additives, as well as high and frequent dosing, led to limited clinical success with intranasal insulin for diabetes management and its subsequent abandonment (110) . Consequently, use of the intranasal method was initiated for direct insulin delivery to the brain for the treatment of neurodegenerative conditions, including Alzheimer's disease (111) . Sometimes referred to as "type 3 diabetes" (112) , investigations have demonstrated abnormalities in insulin and insulin receptor signalling in the brains of AD patients and in models of AD (113) (114) (115) (116) (117) (118) (119) (120) . The use of the intranasal delivery method was associated with improvements in memory and mood in normal subjects using either insulin (121) or an insulin analog (122) . Importantly, intranasal insulin failed to impact upon blood insulin or glucose levels in the systemic circulation. In patients with AD, intranasal insulin dose-dependently improves memory after acute treatment (123, 124) , and improved attention, memory, and cognitive function after 21 consecutive days of intranasal treatment (124) . Intranasal insulin delivery (20-40 units/day) provided in human patients with AD led to improvements in verbal memory (124) ; these promising results require more detailed and prolonged cognitive studies, as well as further studies to determine optimized dosages. In an AD rat model with concurrent streptozotocin (STZ) injection to induce a model of type 1 diabetes, poor cognitive function, neurofilament phosphorylation, and downregulation of phosphoinositol-3-kinase (PI3K) pathway occurred in exaggerated fashion with diabetes and concurrent AD. It is possible that intranasal insulin treatment could help to reverse such changes and play an important role in AD and its related cognitive impairment (125) .
In addition to insulin, other peptides and proteins administered by the intranasal route can be beneficial in AD. Intranasal delivery of the peptide hormone, oxytocin, has led to significant changes in behavior, such as with increased trust (126, 127), decreased fear and anxiety (128, 129) , and improved social behavior and memory (130) .
Finally, beyond peptides and molecules, DNA plasmids, mesenchymal stem cells and glioma cells have been delivered intranasally. Intranasally administered plasmid DNA has led to both distribution in the brain and systemic absorption. A β-galactosidase protein encoded by these plasmids was significantly expressed in brain tissues after intranasal delivery, and kinetic studies identified intranasal delivery to be nearly 3000 fold more efficient than intravenous delivery for accessing the brain. Quantitative polymerase chain reaction studies demonstrated a direct route through the olfactory bulb accessed through intranasal delivery of plasmid DNA to the brain (131) . Filamentous phages with a myelin oligodendrocyte glycoprotein epitope fused to a main coat protein have also been successfully delivered into the brain intranasally, impacting experimental autoimmune encephalomyelitis (EAE) (132) . Stem cells have also been delivered intranasally, becoming apparent in the rodent brain within 1 hour of administration, suggesting that intranasal delivery may facilitate the use of stem cells for treating CNS disorders where neurodegeneration or cell death is prominent (133) . Furthermore, intranasal delivery of mesenchymal stem cells in young mice suffering cerebral hypoxic-ischemic encephalopathy has led to attenuation of both grey and white matter loss and also improved function during cylinder rearing testing (134)
Diabetes and the Neurodegenerative Brain
Another syndrome that leads to neurodegenerative impairment is diabetes mellitus (DM). There are two forms of diabetes: type 1 (juvenile) diabetes, characterized by an inability to synthesize insulin; and type 2 diabetes, usually caused by insulin resistance in the periphery (135) . It has been estimated that 170 million people world-wide currently have diabetes, and this number is expected to double by the year 2030 (136, 137) . Initially investigated to identify a potentially non-invasive method of delivery of insulin to manage systemic hyperglycemia, intranasal insulin was also investigated as a potential prophylactic agent to prevent onset of type 1 diabetes in susceptible children. In mouse models of diabetes, prophylactic administration of insulin reduced incidence of the disease. However, the delivery of intranasal insulin to children born with diabetes-associated autoantibodies did not prevent or delay onset of type 1 diabetes (138) .
It has been suggested that insulin may serve as a neuroprotective factor via activity at both insulin and insulin-like growth factor receptors. Murine models of DM share several pathological and behavioral characteristics with murine models of AD, demonstrating impaired learning, attenuation of the insulin signaling pathway, as well as accumulation of pathological markers seen in AD, including tau hyperphosphorylation and Aβ plaque accumulation. Subcutaneous delivery of insulin at low doses (0.3 U insulin/day) can repair some of these deficits (115) .
A study of intranasal insulin in streptozotocin (STZ)-induced diabetic mice suggested that noted cognitive decline, brain atrophy and white matter changes can be at least partially related to a relative insulin deficiency (51). Replacement of insulin in the brain using intranasal delivery was compared to subcutaneous delivery of a similar dose in a long term model of murine diabetes. After many months of diabetes, mice had measureable changes in cognitive behavioral testing, as well as neuroimaging demonstrating both cerebral atrophy and white matter deficiencies identified with magnetic resonance imaging and with structural assessment. These changes were also associated with loss of important synaptic proteins and myelin-related proteins. Intranasal insulin delivery over life was associated with partial protection against such pathological changes and improved cognitive outcomes later in life. Meanwhile, delivery of identical doses of subcutaneous insulin was associated with problems with hypoglycemia, less significant penetration into the CNS, and with absence of benefit upon cognitive and structural deficiencies. Such cognitive and pathological changes are compatible with noted cognitive and structural changes in the human diabetic brain after a long duration of either type 1 or 2 diabetes (139-144). Although investigations identified restoration of insulin receptor-mediated pathways involving PI3K and Akt with intranasal insulin, further work will be required to determine the most important contribution of insulin with the diabetic brain. As the diabetes epidemic further evolves, greater understanding of the pathogenesis of these pathway deficiencies may translate to further therapeutic potential. Delivery of intranasal insulin to human subjects with diabetes with the goal of preventing neurodegenerative changes has not yet been attempted, although evidence to date suggests that the method would be safe, without adverse nasal effects and with minimal chance of hypoglycemia (145) .
APPLICATION OF INTRANASAL DELIVERY TO THE TREATMENT OF STROKE
Stroke is the third leading cause of death in the United States and one of the leading causes of severe disability in adults.
Tissue plasminogen activator, approved for use in 1996, remains the principal drug indicated for the treatment of acute ischemic stroke (146, 147).
However, this treatment has very significant limitations including the short window of time available for effective treatment, the need for rapid imaging and blood pressure control and the poor response of patients with large-artery occlusions. Most problematic is the increased risk of hemorrhage associated with this treatment (147) .
Neurotrophic factors, also called neurotrophins and nerve growth factors, are therapeutic proteins which have long been considered as possible treatments for stroke.
It has been demonstrated that intracerebroventricular insulin-like growth factor-I (IGF-I) significantly reduces the extent of infarction and global neuronal loss in an adult rat model of transient unilateral hypoxic-ischemic injury induced by ligation of the right carotid artery and exposure to 6 % O 2 for 10 min (148, 149) . However, intracerebroventricular administration is not practical in humans, and IGF-I does not efficiently cross the blood-brain barrier. Frey first developed the intranasal method for bypassing the blood-brain barrier to deliver neurotrophic factors and other therapeutic proteins to the brain for disease processes such as stroke (10).
Following the demonstration by Thorne et al (12) that intranasal IGF-I rapidly bypasses the blood-brain barrier via the olfactory and trigeminal neural pathways to reach the central nervous system (CNS), it was subsequently shown that that intranasal IGF-I reduces infarct volume in the middle cerebral artery occlusion (MCAO) model of stroke (150, 151). Intranasal treatment with doses of 150 µg IGF-I significantly reduced infarct volume by 63% and improved motor, sensory, reflex and vestibulomotor functions. Intranasal treatment with doses of 75 µg IGF-1 significantly reduced infarct volumes by 60 % and hemispheric swelling by 45.6 %. Neurologic function, assessed by the postural reflex, flexor response and adhesive tape tests, was also improved by this treatment. To our knowledge, this was the first successful intranasal treatment of stroke in animal models.
Even when intranasal IGF-I treatment was delayed either 2 or 4 hours after the onset of MCAO, infarct volume was reduced by 54 % and 39 %, respectively and improved motor-sensory and somatosensory function was observed when IGF-I was administered 2 hours after the onset of MCAO (152) . In addition, treatment with intranasal IGF-I at 2, 4, or 6 hours after MCAO decreased apoptotic cell counts by more than 90% in the hemisphere ipsilateral to the occlusion (152) . Effectiveness of intranasal IGF-1 treatment of stroke was confirmed by an independent group in another model, as Lin et al. reported reduced brain injury by approximately 56 % (based on neuropathologic score) as compared to that in the vehicle-treated neonatal rats up to 1 h after cerebral hypoxic-ischemic injury (153) . Moreover, IGF-1 treatment improved neurobehavioral performance in juvenile rats subjected to hypoxia-ischemia, where intranasal IGF-1 inhibited apoptotic cell death and enhanced proliferation of neuronal and oligodendroglial progenitors after cerebral hypoxia-ischemia (153) .
In addition to IGF-1, evidence for effective stroke treatment in animal models using intranasal neurotrophins includes erythropoietin, vascular endothelial growth factor, transforming growth factor-β1, basic fibroblast growth factor, and transforming growth factor-alpha. Erythropoietin (EPO), when administered intranasally to rats 10 min after MCAO and 1 h after reperfusion, reduced infarct volume, brain swelling and cell damage in the ischemic hemispheres, and improved behavioral function 24 h after stroke (154) . IGF-I was reported to be synergistic with EPO as a treatment for reducing apoptosis in a cerebrocortical neuron culture model exposed to NMDA (155) . Intranasal administration of EPO plus IGF-I was subsequently shown to reduce infarct volumes in a mouse model of stroke within 24 hours and to improve neurological function up to 90 days after MCAO. Both EPO and IGF-I were demonstrated to reach the brain within 20 minutes after intranasal administration and to accumulate within the injured areas of the brain. Intranasal delivery of EPO and IGF-I to the brain was more effective than any of intravenous, subcutaneous, or intraperitoneal delivery (12, 156, 157).
Vascular Endothelial Growth Factor (VEGF), which is upregulated in ischemic brain tissue following stroke, is a candidate for prophylactic and therapeutic strategies in ischemic stroke due to its angiogenic, neurotrophic and neuroprotective functions, Nevertheless, attempts to use VEGF therapeutically have been difficult due to the obstruction of the BBB. Intranasal delivery of VEGF to bypass the BBB and to access the brain tissue with minimal tissue affection achieved a significantly higher VEGF tissue concentration when compared to intravenous administration in critical brain regions, including the striatum or the midbrain (158) . Intranasal VEGF was shown to reduce infarct volume, improve neurologic behavioral recovery and promote angiogenesis in rats following MCAO (159) . Surprisingly, both the reduction in infarct volume and the improvement in behavior were not dependent on dose in the usual fashion but rather were seen only at one dose with both higher and lower doses being ineffective.
Very low doses (4 ng) of transforming growth factor-β1
(TGF-β1), when administered by intracerebroventricular injection or intrahippocampal injection to rats, were found to protect hippocampal neurons against degeneration caused by transient global ischemia (160) . Non-invasive intranasal TGF-β1 (1 µg) resulted in significant improvement in neurological function and reduction of infarct volume in mice following MCAO (161) . TGF-β1-treated mice had significantly less TUNEL-positive cells in the ipsilateral striatum than that in control groups. The number of BrdU-incorporated cells in the SVZ and striatum was significantly increased in the TGF-β1-treated group. Thus, intranasal TGF-β1 reduces infarct volume, improves functional recovery and enhances neurogenesis in mice after stroke (161) .
As noted earlier, intranasal IGF-I treatment reduced infarct volume even when treatment was not begun until 4 h after MCAO (152) . However, there were no reports of successful intranasal treatment of stroke after a delay of 24 h until rats were treated with intranasal basic fibroblast growth factor (bFGF) following MCAO (162) . It was demonstrated that delayed intranasal bFGF treatment improved functional recovery in adult rats and promoted the proliferation of endogenous neural progenitor cells, even though there was no effect on infarct volume. They also demonstrated that these proliferated cells could differentiate into neurons. From this, it was concluded that the improved behavioral recovery was likely related to the stimulation of neurogenesis by intranasal bFGF (162) . This work was based, in part, on the earlier work showing that intranasal bFGF stimulated neurogenesis in the normal adult rat brain (163) and after studies demonstrated that intranasal bFGF was protective when administered immediately after a two hour MCAO and induced progenitor cell proliferation (161).
More recently, it was shown that intranasal transforming growth factor-alpha (TGFα) effectively improved animals with stroke even when treatment was delayed for 4 weeks after injury (164, 165) . Needless to say, demonstrating efficacy after such a considerable delay in treatment is both surprising and promising. TGFα is a mitogen and neurotrophic factor. In a rat MCAO model, intranasal TGFα produced a massive proliferative response in the brain. Near complete (99%) behavioral recovery was observed with this intranasal treatment. The authors concluded that intranasal TGFα is a potential therapeutic strategy for chronic stroke and other neurological damage in humans. Because the stability of therapeutic proteins can sometimes be enhanced by PEGylation, it was determined the effect of intranasally administered PEG-TGFα on cellular proliferation and on animal behavior in a chronic-phase model of stroke (165) . Once weekly intranasal treatment was initiated one month after the focal ischemic injury and continued for only 4 weeks. The authors reported that intranasal PEG-TGF-α induces proliferation of neural progenitors and their migration to the damaged part of the brain. This was associated with very significant behavioral improvement in the MCAO model (165) . 166). Surprisingly while the combination treatment resulted in a significant reduction in infarct volume, increased cell proliferation and survival of neuronal progenitors and improved neurological function, treatment with either intranasal NGF or EA alone produced no significant improvement in any of these parameters. The authors conclude that intranasal NGF and EA may have a synergistic effect in reducing ischemic injury and enhancing recovery of neurological function (166).
In addition to neurotrophins, there is also a report of an intranasally administered small molecule for the treatment of stroke -desferoxamine (DFO).
Iron accumulates in the brain during stroke (167) . DFO not only binds iron with very high-affinity (10 31 ), but also increases hypoxia-inducible factor-1α (HIF-1α) which is neuroprotective (168) . Hanson et al. have reported that intranasal administration targets DFO to the brain approximately 200-fold while reducing systemic exposure (169) . Intranasal DFO resulted in significantly higher DFO concentrations in the brain (0.9-18.5 µM) at 30 min after intranasal administration than after intravenous administration (0.1-0.5 µM).
Further, they have demonstrated that intranasal DFO prevents and treats stroke damage after MCAO in rats. Pretreatment with intranasal DFO (three 6-mg doses) 48 h before MCAO significantly reduced infarct volume by 55 %. Treatment with intranasal DFO (six 6-mg doses) immediately after stroke and reperfusion significantly decreased infarct volume by 55 %. Intranasal administration of three 6-mg doses of DFO did not cause clinically significant changes in blood pressure or heart rate. Thus intranasal DFO may be a useful treatment for stroke, and a prophylactic for patients at high risk for stroke (169) .
In addition to the treatment of ischemic stroke, intranasal delivery of calcitonin gene-related peptide (CGRP) has been provided to rats in a model of subarachnoid hemorrhage; when compared to intravenous delivery, intranasal CGRP delivery led to levels of CGRP 10 times higher in the brain and contributed to amelioration of vasospasm, improved cerebral blood flow and reductions in cell death for cortical neurons and endothelial cells (170). This may be a potential future clinical approach to management of subarachnoid hemorrhage in human patients.
The results of these studies performed in a number of different laboratories over a period of 10 years demonstrates that a variety of therapeutic agents are effective at treating stroke when they are administered by noninvasive intranasal delivery. Toxicology studies are now needed to confirm safety and in animals so that intranasal stroke therapeutics can be tested in clinical trials in both normal adults and patients with stroke.
THE FUTURE OF INTRANASAL DELIVERY
Important questions remain regarding the safety and efficacy of intranasal therapeutics to treat human neurodegenerative conditions including Alzheimer's disease and stroke. Studies in animal models of Alzheimer's disease, cognitive decline in diabetes, stroke and other CNS disorders have demonstrated efficacy for intranasal therapeutics. Some of the human clinical trials reported to date have also yielded promising results, especially the improved memory, attention and functioning observed in patients in the early stages of AD treated with intranasal insulin. Preclinical success with intranasal therapeutics needs to be translated, following the requisite toxicology testing, to human clinical trials to assess safety and efficacy. All of this will require funding from the NIH, pharmaceutical industry, foundations and private funders.
In addition, there is room for new developments in both therapeutics, formulation and device technology to improve the targeting of intranasal therapeutics not only to the CNS, but if possible to more specific CNS regions and targets At present, the outlook for intranasal delivery of therapeutics to the CNS is bright because it is non-invasive, rapid, requires no modification of the therapeutic agent and can bypass the BBB to target the CNS while reducing systemic exposure and side effects.
CONCLUSION
Intranasal delivery is a non-invasive method for targeting therapeutics to the CNS which has yielded beneficial effects in the treatment of neurologic disease in humans and in animal models of disease. One of the major advantages of intranasal delivery is the potential of bypassing the BBB to target the CNS while minimizing systemic exposure and lowering the risk of adverse side effects. Intranasal therapeutics can potentially improve the lives of millions of people affected by neurodegenerative diseases and other CNS disorders, but there is still work to be done to translate the preclinical findings to humans and to continue the clinical trials already in progress. Many researchers in different countries around the world are working hard to achieve this goal. 116-124 (2008) 
